Abstract-Micro-ultrasound is an invaluable imaging tool for many clinical and preclinical applications requiring high resolution (approximately several tens of micrometers). Imaging systems for micro-ultrasound, including single-element imaging systems and linear-array imaging systems, have been developed extensively in recent years. Single-element systems are cheaper, but linear-array systems give much better image quality at a higher expense. Annular-array-based systems provide a third alternative, striking a balance between image quality and expense. This paper presents the development of a novel programmable and real-time annular-array imaging platform for micro-ultrasound. It supports multi-channel dynamic beamforming techniques for large-depth-of-field imaging. The major image processing algorithms were achieved by a novel field-programmable gate array technology for high speed and flexibility. Real-time imaging was achieved by fast processing algorithms and high-speed data transfer interface. The platform utilizes a printed circuit board scheme incorporating state-of-the-art electronics for compactness and cost effectiveness. Extensive tests including hardware, algorithms, wire phantom, and tissue mimicking phantom measurements were conducted to demonstrate good performance of the platform. The calculated contrast-to-noise ratio (CNR) of the tissue phantom measurements were higher than 1.2 in the range of 3.8 to 8.7 mm imaging depth. The platform supported more than 25 images per second for real-time image acquisition. The depth-of-field had about 2.5-fold improvement compared to single-element transducer imaging.
I. Introduction H igh-resolution, noninvasive imaging is always desired in preclinical research and clinical diagnosis. among the available imaging modalities (such as microMrI, micro-cT, micro-PET, micro-ultrasound, or optical microscopy), micro-ultrasound has become more acceptable because it provides a good balance of spatial resolution, penetration depth, cost, and safety [1] . Fine anatomical structures can be visualized by this technique for clinical applications in ophthalmology [2] , dermatology [3] , [4] , and cardiovascular diseases [5] , [6] . specifically, the anterior segment of the diseased eye [7] , the inflammatory process of a tumor in the skin [4] , and the characterization of the plaque in an arterial vessel with atherosclerosis [8] have been studied by micro-ultrasound. Preclinical research on small animal models has also been propelled by micro-ultrasound in different areas, such as tumor diagnosis [9] , [10] , cardiac diseases [11] [12] [13] , and developmental biology [14] , [15] .
Imaging systems for micro-ultrasound have developed rapidly in recent years. The most popular system is based on single-element focused transducers [16] [17] [18] [19] [20] . It affords superior resolution around the focal point but suffers significant limitation in depth-of-field, which is 2.5 and 1.6 mm at 30 and 60 MHz, respectively [1] . The lateral resolution deteriorates sharply outside the focal zone. array-transducer-based systems have multiple piezoelectric elements capable of dynamic focusing and beam steering to achieve uniform spatial resolutions, large depth-of-field, and fast imaging speed [21] [22] [23] [24] . However, high-frequency linear-array transducers are difficult to fabricate and are more expensive because of their extremely small element size and high-density wire connections [24] , [25] . annulararray imaging is an alternative which allows an extension of the depth-of-field for micro-ultrasound. It greatly reduces the number of elements for imaging, leading to lower cost and easier fabrication than linear-array transducers. novel techniques and materials have been implemented in annular-array transducers [26] [27] [28] [29] [30] [31] including 1-3 composite technology; however, the imaging systems are less well-developed, although they have been reported [32] [33] [34] . Brown and lockwood designed a 7-channel, 45-MHz imaging system with transmit and receive beamformers [32] . The sampling rate in the receive beamformer was only 105 MHz, which was insufficient for many micro-ultrasound applications. Transmit beamforming achieved by different-length cables made the implementation complicated. Hu et al. designed an imaging system for a 6-channel, 43-MHz annular-array transducer [33] . Its 8-bit data acquisition scheme sacrificed image resolution and dynamic range. In addition, the image quality was relatively low because the dynamic focusing was not fully achieved. Ketterling et al. designed a 5-channel, 40-MHz imaging system [34] . The depth-of-field was improved substantially by incorporating a synthetic focusing technique. However, its post-processing-based imaging lacks real-time capability. a flexible system with good image quality, high flexibility, and real-time capability to satisfy micro-ultrasound applications is highly desired. This paper proposes a programmable annular-arraytransducer-based imaging platform with real-time capability for micro-ultrasound. an 8-channel pulse generator is introduced with a transmit beamformer feature. a high-speed imaging receiver is presented for receive beamforming. The depth-of-field is enlarged by real-time beamformer and dynamic focusing. The image processing algorithms, which are achieved by the field-programmable gate array (FPGa), are highly programmable, and can be easily reconfigured or customized. The digital filtering, beamforming, envelope detection, and scan conversion are readily accomplished with the FPGa. The center frequency is in the range of 20 to 80 MHz. The multi-channel electronics are independent for pulse generation and raw rF ultrasound data acquisition. Extensive hardware testing was conducted, and the platform demonstrated good performance. The measurements of wire phantom and tissue-mimicking phantom were also performed and demonstrated good overall performance of the platform.
II. Methods
The block diagram of the proposed annular-array imaging platform is shown in Fig. 1 . The high-frequency annular-array transducer is fixed onto a motor-controlled scanner to support a cross-sectional view. a pulse generator is developed to excite the transducer with a high-voltage bipolar pulse. dynamic transmit beamforming is controlled by the FPGa in the pulse generator. an FPGa-based imaging receiver is developed to process the real-time ultrasound signal with high programmability and flexibility. It uses printed circuit board (PcB) schemes incorporating not only the frontend electronics such as the amplifier, filter, and analog-to-digital converter (adc), but also backend process units such as the FPGa and high-speed data transfer interfaces. Two interfaces for data transfer can be selected: either PcI Express (PcIE) or universal serial bus (UsB). a personal computer is used for image display and data storage for further investigations. The graphical user interface software was programmed in Visual c++ to process and display the real-time ultrasound images. The platform uses state-of-the-art electronic components and PcB for a compact implementation.
A. Pulse Generator
Two main functions were achieved in the designed pulse generator: the multi-channel high-voltage pulse generation and the transmit beamforming. all of the channels were controlled individually for dynamic focusing. a high-speed FPGa (cyclone III, EP3c16F484c6n, altera corp., san Jose, ca) was used to control the multi-channel pulse generation and transmit beamforming. The focus of the transmitted beam can be programmed easily by the FPGa. The timing and spectrum characteristics of the pulse in different channels can also be controlled by the FPGa to match with the transducer. The pulse generator incorporated a bipolar pulse generation scheme. 8-channel
MosFET drivers (El7158, Intersil corp., Milpitas, ca) were employed to accomplish the voltage level shift and high current output to excite the 8 pairs of high-speed MosFETs (Tc6320, supertex Inc., sunnyvale, ca). The MosFET pairs could offer more than 150 Vpp breakdown voltage and a 2 a output peak current, which made them suitable to produce the high-voltage pulse for micro-ultrasound. The T/r switch was achieved by the crossed diode bridge to block the reflected signal from the transducer. The FPGa also controlled the movement of the motor for cross-sectional scanning.
B. Imaging Receiver
The imaging receiver for the array system should have the capability of multi-channel signal amplification, acquisition, and receive beamforming. The designed imaging receiver for the annular-array platform incorporated 8-channel echo signal processing circuitry which could accomplish the real-time image processing including the signal amplification, data acquisition, digital signal processing, and fast data transfer. all of the channels were controlled individually for dynamic focusing. In detail, low-noise amplifiers (THs4509, Texas Instruments Inc., dallas, TX) were employed for ultrasound signal amplification. High-speed adcs (ads58c48, Texas Instruments Inc.) were utilized for ultrasound data acquisition. Each adc component contained a quad-channel 11-bit adc with a sampling rate of up to 200 mega-samples per second (MsPs). after the digitization, the digital signal was transferred to FPGa through a low-voltage differential signaling (lVds) bus. a high-performance FPGa (stratix II EP2s60F672I4, altera corp., san Jose, ca) was employed for real-time image processing. It could process 8 channels of raw rF adc data simultaneously. Programmable algorithms could be achieved, such as bandpass filter, dynamic beamformer, envelope detector, and digital scan converter for various applications. a 128-Mbit synchronous dynamic random access memory (sdraM) (MT48lc8M16a2, Micron Technology Inc., Boise, Id) was configured to the FPGa for memory extension. Finally, the processed image data were transferred to a com- puter through a UsB interface component (cy68013a, cypress semiconductor corp., san Jose, ca) or a PcIE interface component (PEX8311, PlX Technology Inc., sunnyvale, ca) for displaying or post-processing. raw rF data could also be transferred to the computer.
C. Beamformer Algorithms
By controlling the signal delay of each element in an annular-array transducer, the ultrasound beam can be focused electronically at different depths. dynamic focusing can be achieved by the digital beamformer throughout the depth. as a result, the depth-of-field is enlarged by multifocal zone strategies. The ultrasound beamformer in the proposed annular-array imaging platform consists of the transmit beamformer and the receive beamformer, which are shown in Fig. 2 .
The transmit beamformer manipulates the time delay of pulse generation in each channel to make the pulses reach the focal point simultaneously. The outer ring should be excited first, followed by the inner rings. The time delay between each channel is calculated as
where n is the number of rings and R(n) is the radius of the nth ring. F d is the distance between array and the target focal point. c is the sound speed in the target tissue. The designed transmit beamformer controlled individual channels according to the time delay calculated by (1). a combination method with coarse delay and fine delay was used for receive beamforming. The coarse delay was calculated by the integer multiplication of the sampling interval (5 ns at 200 MHz sampling frequency). Fine delay was achieved by a fractional delay filter, which could delay a fraction of the sampling interval (e.g., 0.1 × 5 ns = 0.5 ns). The fractional delay filter, usually achieved by an interpolation algorithm, provided a useful method for fine-tuning of the sampling signals to achieve better beamforming. a lagrange interpolation algorithm was employed in this platform to achieve the fractional delay filter [35] , [36] . The algorithm can be described by
where D is the desired total delay and N is the order of the filter. an eighth-order filter was used in this platform. nine group delays were achieved from 0.1× to 0.9× sampling intervals, with a step of 0.1× sampling interval, as shown in Fig. 3 . The delayed signal was a simulated ultrasonic echo signal with 35 MHz center frequency and 83% bandwidth. The black solid line represents the original data. It is delayed by 9 different times at steps of 0.1× the sampling interval. The waveform in the fractional sampling interval is acquired by this algorithm. To quantitatively analyze the accuracy of the fractional delay filter, the simulated ultrasonic echo signal was up-sampled to 2 GHz. The fractional delayed data and up-sampled data were then compared. The maximum difference for all of the data was 0.31% between these two methods.
D. FPGA Implementation
as a field-programmable microprocessor, the FPGa is highly programmable for various micro-ultrasound imaging applications. It can significantly improve the system flexibility and diversity by programmable and reconfigurable algorithms [20] . Fig. 4 shows the detailed structure of the implemented algorithms for real-time annular-array imaging. The band-pass filters are used to remove the noise out of spectrum of interest in each channel. The beamformer is used for dynamic beamforming of the 8-channel ultrasound signal. The 8-channel ultrasound signal was converged to a 1-channel signal after the beamformer. The signal is then sent to the envelope detector for envelope extraction. The envelope data then undergo digital scan conversion and logarithmic compression for coordination conversion and data compression, respectively. Finally, image data are sent to a personal computer through a PcIE or UsB interface for display and storage. The entire algorithms in the FPGa can be changed according to the practical applications.
The beamformer algorithm is achieved in the FPGa for fast field computation. Fig. 5 shows the block diagram of the digital beamformer algorithm in the FPGa. coarse delay is applied first to the 8-channel signal. Fractional delay is then achieved using a lagrange interpolation algorithm. The delay parameters are configured dynamically by the computer. an 8-channel adder is employed after precise delay. after the summation of the 8-channel delayed data, the 1-channel ultrasound data are buffered temporally for multi-focal zone imaging. The data are sent out for further image processing after the acquisition of multi-focal zone data.
E. Transducer
The annular-array transducer in this platform is shown in Fig. 6 . It was fixed onto a motor connector. It was designed with an interdigital bonded 1-3 composite material consisting of 8 elements [30] . The final composite had 19-μm-wide posts separated by 6-μm-wide polymer kerfs. The epoxy was used for both the matching and backing layers and a flexible circuit was used for interconnection. The flexible circuit and backing layer were placed inside a custom-machined brass housing. The average center frequency of the transducer was 33.5 MHz and the −6-dB bandwidth was 57%, as estimated from the measured pulse-echo response. The average insertion loss was 14.3 dB, and the maximum crosstalk between the nearest-neighbor elements was less than −37 dB. The aperture size was about 3.1 mm.
F. Test Scheme
The setup to test the annular-array-based imaging platform consisted of two 240-MHz function generators (aFG3251, Tektronix Inc., Beaverton, or) and a 20-Gs/s digital oscilloscope (lecroy Wavepro 715Zi, lecroy corp., chestnut ridge, ny). The hardware performance was tested extensively, including the gain, the noise floor, the dynamic range, and the transmission error. The gain in the receiver was tested by the function generator and the oscilloscope. The noise floor was measured as the input known signal that just cannot be recognized in the receiver. Given the maximum input of the adc (2 Vpp), the dynamic range could be derived from dividing the maximum input signal by the noise floor. 8-channel signal acquisition circuits might produce different transmission times. Two function generators were used to generate synchronous sinusoidal signal to different channels to test the transmission time error.
The data transfer speed between the imaging receiver and the Pc was evaluated first for the frame rate test. The FPGa in the imaging receiver was programmed to send a known data sequence to the Pc. The data transfer speed was calculated by dividing the amount of received data with the elapsed time. To evaluate the frame rate of the platform, a burst of sinusoidal signal with high pulse repetition frequency was generated by a function generator and sent to the platform. These signals were acquired by FPGa and sent to the Pc through the PcIE or UsB interface after forming images. a frame counter in the Pc calculated the frame rate of the platform in terms of number of processed images per second. a single-element focused transducer was used for imaging comparison. The transducer was a 40-MHz transducer with a focal length of 6.3 mm. The −6-dB bandwidth was 108%. one channel circuit in the proposed 8-channel annular-array platform was used for single-element imaging. The pulse generation and echo receiver scheme were same with the annular-array processing excluding the beamformer algorithm. a high-precision servo motor (Tsl-2504, Techsoft Motion, shenzhen, china) was used for sectional scan.
The resolution and depth-of-field tests were conducted to demonstrate the performance of the designed annulararray imaging platform. a wire phantom consisting of several 20-μm-diameter tungsten wires (california Fine Wire co., Grover Beach, ca) was used to test the imaging resolution. The wire images, which were acquired at different depths, were aligned on the same axis for easy comparison. The quantitative measurements of the axial resolution and lateral resolution were acquired from the wire phantom test. comparison of imaging resolution between single-element imaging and annular-array imaging was made to demonstrate the performance of the proposed platform. a tissue-mimicking phantom with anechoic spheres was fabricated to test the depth-of-field improvement of the annular-array imaging platform. The phantom fabrication procedure followed Madsen's method [37] . The phantom could generate tissue mimicking attenuation and backscattering. anechoic spheres were fabricated separately and dispersed randomly in the phantom to test the platform resolution and depth-of-field. The size of the anechoic spheres was in the range of 280 to 350 μm, controlled by two dedicated sieves (Fisherbrand sieves, Fisher scientific, Pittsburgh, Pa). The contrast-to-noise ratio (cnr) of the anechoic spheres against the background, which was described in detail by Filoux et al. [38] , was used to evaluate the improvement of depth-of-field by the proposed imaging platform.
III. results
The platform prototype for the programmable, realtime annular-array imaging is shown in Fig. 7 . Fig. 7(a) shows the 8-channel pulse generator in an 8-layer PcB. It includes the FPGa, MosFETs, and MosFET drivers. Fig. 7(b) shows the 8-channel digital imaging receiver. It is a 10-layer PcB design incorporating low-noise frontend electronics, adcs, and high-speed FPGa. The high-speed PcIE interface and UsB interface are also incorporated for compact implementation.
A. Platform Performance
The platform achieved very uniform gain among different channels. Fig. 8 shows the platform gain versus frequency in different channels. The gain of the receiver is about 47 dB and the difference of gain in different channels is lower than ±1 dB in the frequency range of 20 to 80 MHz. Table I summarizes the performance of the proposed annular-array imaging platform. The amplitude of the high-voltage pulse can be higher than 120 V for the microultrasound imaging. The noise floor is lower than 28 μV. Given the input range of the high-speed adc (2 Vpp), the dynamic range of the front-end electronics in the annular-array platform is higher than 50 dB. The transmission time errors of different channels are less than ±0.5 ns. The precisions of the transmit and receive beamformers are 2.5 ns and 0.5 ns, respectively. The data transfer speeds are higher than 150 MByte/s and 20 MByte/s for the PcIE or UsB interfaces, respectively. The frame rate of the platform is higher than 25 images per second for the image data size of 2048 × 400 × 16 bits using the PcIE interface.
crosstalk in this platform consists of transducer crosstalk and hardware crosstalk. The maximum crosstalk between the adjacent elements in the transducer was less than −37 dB [30] . a 5-cycle sinusoidal 50-MHz signal was generated by a function generator and was fed to the different channels of the platform to test hardware crosstalk. The amplitude of the test signal is higher than 2 V after the amplifier. There is no visible sinusoidal signal coupled to the adjacent channels measured by the oscilloscope. The hardware crosstalk can be neglected.
B. Resolution Evaluation
The image resolution was evaluated by customized tungsten wire phantom. The ultrasound images of this wire phantom acquired using single-element transducer imaging and annular-array imaging are shown in Fig. 9 . The wire images were acquired at different depths and were aligned on same axis for easy comparison. The annular-array imaging platform could maintain very uniform lateral resolution throughout the imaging depth. Four focal zones were used in this test. Fig. 10 shows the quantitative measurements of the axial resolution and lateral resolution by two imaging methods for the wire phantom images which were shown in Fig.  9 . The −6-dB axial resolution was similar for the singleelement transducer imaging and annular-array imaging. single-element transducer imaging has better resolution than annular-array imaging for −20-dB axial resolution. The annular-array imaging has significant improvement for lateral resolution throughout the field of view. although the −6-dB lateral resolution can be lower than 120 μm in single-element transducer imaging, it is decreased sharply outside the focal zone. such high resolution can only be maintained about 1.7 mm around the focal point. The −6-dB lateral resolution can be maintained more uniformly in the annular-array imaging. It can be maintained to be lower than 120 μm around 4.2 mm imaging depth, which has significant improvement (247% increases) compared with single-element transducer imaging.
C. Tissue-Mimicking Phantom Evaluation
a tissue-mimicking phantom with anechoic spheres was used to further test the imaging quality of the proposed annular-array platform. Fig. 11 shows the phantom images acquired by different ultrasound systems. The black circular dots in the images are the anechoic spheres. Fig.  11(a) shows the image which was acquired by a single-element focused transducer with 1-channel electronics in the proposed 8-channel array platform. The phantom image which is shown in Fig. 11(b) was acquired by a commercial micro-ultrasound scanner (Vevo 770, rMV-704, 40 MHz, Visualsonics Inc., Toronto, on, canada), The overall image quality of the two single-element systems is similar in terms of noise level, penetration depth, spatial resolution, and dynamic range. The annular-array platform can achieve dynamic focusing at different depths because it is highly programmable. Figs. 11(c) and 11(d) show the images with different focal depth in the phantom. The overall quality of images is similar to images which were acquired by the single-element transducer imaging systems. IV. discussion a flexible annular-array imaging platform with programmable and real-time features for micro-ultrasound was developed and evaluated. The image quality was improved substantially with high flexibility using this platform. The depth-of-field was enlarged compared with single-element-transducer-based systems by incorporating both transmit beamforming and receive beamforming with dynamic focusing. It used fewer channels of arrays Fig. 9 . comparison of wire phantom images using (a) single-element transducer imaging and (b) annular-array imaging.
and circuits, which reduced the complexity and cost of the imaging system significantly compared with linear-array imaging systems. The image processing algorithms were highly programmable, which supported great flexibility for various micro-ultrasound investigations; this can provide an easy implementation method for multi-modality investigation, such as combining ultrasound with photoacoustic imaging. The focus point could also be adjusted, which enables flexible operation for practical investigations. The platform supported nearly all types of annular transducers for micro-ultrasound, including flat annular-array transducers and focused annular-array transducers with flexible beamformer algorithms. raw rF data before beamforming and after beamforming were also accessible by the proposed platform. The algorithms in the imaging receiver should be programmed for the high-speed rF data transfer mode. The imaging frame rate was about 25 images per second with post-beamforming rF data acquisition and about 3 images per second with 8-channel pre-beamforming data acquisition. The designed platform supported a flexible number of multi-channel signal acquisition and processing. Each channel could be controlled individually for pulse excitation and imaging data acquisition. This may enable dual-frequency ultrasound imaging, which could balance well with resolution and penetration, and could be useful for endoscopic or intravascular diagnostic applications.
The platform supported high-speed image processing and data transfer; however, the motor is a limitation to achieving high-speed imaging at the current stage. The servo motor in the test can only support 6 images per second. a high-speed sweep motor would be adopted later to support real-time imaging. The number of focal zone in this platform was adjustable for specific requirements. Generally, more focal zones supported higher quality imaging. However, the imaging frame rate must be sacrificed accordingly. For high-frame-rate imaging, one focal zone in transmission, and multi-focal zone in receiving is a trade-off method to balance image quality and frame rate. 
